SGP
Southern Great Plains TWP Tropical Western Pacific During these deployments, measurements were obtained from: (1) a surface meteorological station, (2) radiosondes (i.e., balloon soundings), (3) four different satellites (i.e., Aqua, Suomi-NPP, and Metop-A, and Metop-B) carrying hyperspectral vertical sounding sensors (AIRS, CrIS, and IASI), and (4) the AERI and the ASSIST (Rochette et al. 2009 ) hyperspectral radiance spectrometers viewing upward at the atmosphere. The on-site AERI measured the radiation continuously in the zenith (i.e., vertical) viewing direction while the ASSIST conducted measurements at the four different local zenith angles (0, 30, 45, and 60 degrees) and each of four azimuth angles (0, 90, 180, and 270) . The ASSIST measurements were obtained quasi-continuously, dependent on weather, and thus were generally coincident with the satellite overpass times. Radiosonde measurements were conducted at the normal 2330 and 1130 UTC, as well as at intermediate times, providing a frequency as high as 3-hour intervals. The ASSIST measurements are important for observing the diurnal variation of the thermodynamic structure of the Planetary Boundary Layer (Smith et al. 1999 ).
The retrieval of atmospheric profiles from ASSIST radiance measurements is performed using a physically based optimal estimation (Rodgers 1976 ) (see: http://en.wikipedia.org/wiki/Optimal_estimation) procedure followed by a direct simultaneous numerical inversion of the radiative transfer equation using the optimal estimation profile as the initial condition and constraint for the matrix inversion process. Specifically, the optimal estimation solution is defined in Eq.
(1) as
where q = a vector containing the atmospheric profile quantities r = a vector containing the radiance spectrum C = the solution matrix, which comprises the statistical covariance of radiance spectra, profile quantities, and radiance observation error about the statistical sample mean or initial guess condition.
The subscripts r, o, and m refer to the retrieval, initial condition, or mean of the profiles comprising the statistical sample utilized, and the measurement, respectively. The solution matrix, C, is computed using Eq. (2) ( )
where Q and R are climatological matrices whose elements consist of a climatological ensemble of atmospheric profile values and ASSIST spectral radiances calculated using a Line-By-Line Radiative Transfer Model (LBLRTM). The prime symbol indicates the deviation from the climatological mean profile or initial profile conditions, qo and ro. The error covariance matrix, E T E, is diagonal assuming random spectral measurement noise with the Lagrangian multiplier, λ, used to stabilize the matrix inversion.
The statistical sample of atmospheric profiles used to generate the matrix C is generally determined from a global set of climatological profiles generated by the NOAA Real-time Air Quality Modeling System (RAQMS) (Pierce et al. 2003) . However, for the ALOSE experiments, a subsample of atmospheric profiles for the local region and season, taken from the 2010 RAQMS database, were used to compute the "C" matrix of Eq. (2). Retrievals are obtained in the presence of cloud by using "C" matrices computed for 11 different profile retrievals, one for each of ten different assumed cloud base pressure altitude conditions (i.e., 970, 950, 910, 860, 780, 700, 620, 450, 250 , and 125 hPa) and one for the clear condition. The retrieval coefficients were pre-computed using the LBLRTM for the ten cloud base altitudes assuming an opaque overcast condition for each sounding in the statistical data set, as well as a clear sky condition for each sounding. Because the retrieval for each cloud height class is linear, the statistics are able to represent any cloud amount/emissivity condition between the natural limits of zero and unity. The correct cloud base height and associated retrieval is selected from the 11 possible solutions as that retrieval which agrees best, in an RMSD sense, with an a priori background atmospheric state based on forecast model, satellite, and radiosonde data, as discussed below.
The retrieval methodology for deriving these vertical profile data for ALOSE is based on the technique outlined above but using a background, or initial profile, based on the analysis of all available satellite and radiosonde measurements obtained during the entire day of observation. The ALOSE algorithm flow diagram is shown in Figure 1 . Basically, a statistical database, obtained from the output of the RAQMS for the year 2010, is used within a statistical regression retrieval algorithm to provide an initial estimate of the thermodynamic and trace gas profiles. For ALOSE, a final retrieval of these profiles is then achieved using a physical regression retrieval algorithm where the statistical bias in the initial pure regression estimated profiles is determined by the comparison of a second statistical retrieval based on radiances simulated from real-time RAQMS chemistry and Global Forecast System (GFS) model thermodynamic (i.e., temperature and water vapor) forecasts, modified using ALOSE satellite and radiosonde data, for the time and location of the ASSIST measurements. The bias correction is simply the difference between the regression retrieval obtained from the simulated radiances and the Model+Satellite+Radiosonde (RSR) analysis profile used to simulate the radiance spectrum used for the second retrieval. This statistical bias correction, RSR analysis profile minus RSR simulated ASSIST radiance retrieved profile, is then added to the original observed ASSIST radiance retrieved profile. The elements of the retrieval procedure used for ALOSE are summarized as follows: Figure 1 . Flow diagram for the ALOSE sounding retrieval algorithm.
1. An initial profile is obtained from the ASSIST radiance observations by optimal estimation using climatological covariance matrices produced by the global RAQMS dynamical chemistry model for clear sky conditions.
2. An independent guess of the temperature and moisture structure is then obtained from the combination of real-time RAQMS and GFS combined model output modified through the incorporation of satellite profiles over the ALOSE measurement site and radiosondes released from the ALOSE measurement site (RSR). This independent guess (RSR) is believed to be the best estimate of the atmospheric structure without the use of the ASSIST radiance spectra.
3. A second optimal estimation profile retrieval is then obtained from an ASSIST radiance spectrum calculated using the LBLRTM with the RSR profile used as the input atmospheric profile. Because the "truth" for this second retrieval is known (i.e., the RSR profile used to produce the second retrieval), the error in the retrieval resulting from the unrepresentativeness of the climatological covariance used (called the "statistical bias") is then estimated as the difference between the RSR profiles and the RSR synthetic radiance retrievals.
4. A "statistical bias"-corrected ASSIST retrieval is then obtained by adding the "statistical bias" profile to the initial observed ASSIST spectral radiance optimal estimation retrieval.
5. The final profile retrieval result is obtained by removing any daily mean systematic residual between the bias-corrected ASSIST radiance retrieval obtained in step 4 and the RSR atmospheric profiles for the radiosonde measurement times.
The procedure outlined above is expected to produce the best estimate of the atmospheric state for the ASSIST measurement times and local zenith and azimuth angles of measurement based on all sources of atmospheric data obtained at the ALOSE measurement site as required for validating forecast model produced line-of-site atmospheric structure estimates.
Figures 2, 3, and 4 show as an example the comparison between the temperature cross sections constructed from the Model data, the Model data with the satellite profile data added, the Model data with both satellite and radiosonde data added, and the final ASSIST retrieval product. The final ASSIST enhanced Model+Satellite+Radiosonde products are shown in the next section. As can be seen, more detail in the representation of the atmospheric structure is obtained through the addition of different observations in each step of the retrieval process. The ASSIST Final Retrieval product is believed to be the most accurate result and is shown to agree with the radiosonde measurement to within the general accuracy of the radiosonde measurements.
Notable Events or Highlights
• ALOSE 1: Results showed significant diurnal variability of the PBL but little zenith and azimuthal dependence on profile observations. This is believed to be the result that the ASSIST can only see a volume of air having a 1-2 km radius about the instrument location.
• ALOSE 2: Numerical forecast results for the Alaskan region have significantly larger errors than at lower latitude, particularly for moisture. The ALOSE measurement analysis scheme was able to resolve the diurnal variation of the very large low-level inversion, which varied in amplitude from near zero to 20 degrees Celsius.
• ALOSE 3: The ASSIST data was able to resolve a high degree of vertical moisture structure within the PBL at the ARM SGP site during April. Also, the diurnal and day-to-day variation of atmospheric moisture was relatively large during this spring period of observation.
• ALOSE 4: The summertime ASSIST measurements at the ATM SGP site revealed significant variations in low-level moisture and atmospheric stability associated with the onset of convection and associated thunderstorms. During these pre-convective periods, a significant dependence of the profile results on the viewing direction of the ASSIST instrument could be seen.
• ALOSE 5: At Darwin, little variation in atmospheric temperature was observed during the experiment period and the GFS model panels compared favorably with the final ASSIST panels. However, the model humidity deviates significantly from the final ASSIST product. It was generally seen that the final ASSIST product revealed a lot of moisture structure not shown by the model but validated by the high-frequency radiosonde profile data obtained at the Darwin TWP ARM site.
• There were two major instrument issues, which surfaced during the ALOSE campaigns. The first dealt with the sun getting into the telescope within an hour of noon at the SGP site in July, while the second was the failure of the ASSIST internal air conditioning system at Darwin. The first issue was resolved by simply making sure that the ASSIST scan mirror was not pointed in the direction of the sun when the sun was high in the sky. The second issue was resolved by using a room air condition to keep the instrument cool when operating during the hot afternoon hours of the day at Darwin.
Lessons Learned
Everything went well for all five deployments. The only problem was the breakage of the ASSIST enclosure internal air conditioning system during its shipment to Darwin, Australia. This system was replaced with a much more robust system for future deployments.
Results
ALOSE ground truth data was produced using forecast model, satellite, conventional surface and radiosonde, and quasi-time-continuous ASSIST radiance observations made for five different climate regimes:
• Continental U.S. Southern Great Plains (SGP) autumn/winter (December 2012)
• Poker Flat, Alaska Arctic winter (February 2013)
• Continental U.S. SGP spring (April 2013)
• Continental U.S. SGP summer (July 2013)
• TWP Australia equinox (September 2013)
The quality of the data gathered is excellent with the final ASSIST/satellite/radiosonde atmospheric product providing the fine-scale vertical and temporal structure of the atmosphere. Comparisons of the final product with the GFS analysis/forecast model product reveals the deficiencies of a relatively low spatial (111 km) and temporal (6 hr) resolution model product to capture important fine-scale vertical and temporal variation features of the tropical atmosphere, especially for moisture. There were several measurement days where the angular variation of the observations proved valuable in measuring the spatial variation of atmospheric conditions within the PBL. The ALOSE data set is expected to prove to be invaluable for its intended purpose of validating the accuracy of the atmospheric state predicted by the Air Force Weather Agency (AFWA) prediction models, as well as for validating satellite remote sensing data obtained over the globe for different weather and climate regimes.
Below is a summary of the results for each experiment provided together with a discussion of the information gained from the observations. Figure 5 shows the temperature and humidity time section inputs (i.e., GFS model, satellite, and radiosonde) for obtaining the final ASSIST best estimate of the atmospheric state of the lower troposphere (0-4 km) for ALOSE-1; 11, 12, 13, and 14 December. The digital data for atmospheric temperature, mixing ratio, and relative humidity are obtained at 60 levels ranging between the surface and the 2 hPa pressure level, with a time spacing of 2.3 minutes. The white areas in these figures denote missing data due to cloud obstruction. As shown in Figure 5 , the atmosphere became warmer and less humid during the period between 11 December and 13 December, with 14 December being slightly cooler and slightly more humid than 13 December. It can also be seen that the ASSIST data influences the final humidity product much more than any other data source. This result was expected because of the finescale variations in atmospheric humidity that are not resolved by the lower vertical resolution model and satellite data and the poor temporal resolution radiosonde data. In any case, the final ASSIST product represents the best estimate of the atmospheric temperature and water vapor state of the atmosphere available from all sources of data. The profile data is presented in this manner as an attempt to depict any significant dependence of the atmospheric state on the viewing direction. In principle, as the local zenith angle of measurement is increased, the feature at a certain time and altitude should be further away from the instrument than the same feature observed at a smaller local zenith angle, the feature being directly overhead for a local zenith angle of zero degrees. Changing the local azimuth angle of measurement also serves to depict any horizontal inhomogeneity of the atmosphere. As can be seen for the ALOSE-1 measurement days, the atmosphere was horizontally homogeneous in that there is little, if any, dependence on the local zenith and azimuth angles of measurement, at least within the limited 2-3 km radius spatial measurement sensitivity volume surrounding the ASSIST instrument. On the other hand, the correspondence of these ASSIST products for all local zenith angles of measurement indicate a very high accuracy of these profile products. Figure 7 shows an example of the correspondence of the final ASSIST profiles to the radiosonde observations. It can be seen that the ASSIST product closely resembles the radiosonde observation, particularly for temperature, but is not forced to agree with it as is evident from the discrepancies between the ASSIST and radiosonde humidity profiles where the ASSIST shows more large-scale vertical variability than does the radiosonde. 
ALOSE-1

ALOSE-2
Figure 8 shows temperature and humidity time section inputs (i.e., GFS model, satellite, and radiosonde) for obtaining the final ASSIST best estimate of the atmospheric state of the lower troposphere (0-4 km) for ALOSE-2; 19, 20, 23, and 26 February. As can be seen, the temperature is coldest at the beginning of the measurement period and warmest at the end. Most interesting is the fact that the model and satellite data do not capture the strength of the lowlevel inversion shown distinctly in the radiosonde and ASSIST cross sections, most evident for 20 and 23 February. The ASSIST seems to provide unique information for the low-level water vapor, being significantly different than that shown by the model, satellite, and in some cases even the radiosonde, cross sections. Figure 9 shows a comparison between the final ASSIST retrieved temperature profile and the radiosonde for 25 February when a strong low-level inversion existed. As can be seen the strength of the inversion shown by the radiosonde is captured quite well in the final ASSIST retrieval, although there are some significant differences (i.e., 2-3 degrees) in the absolute temperature values. Figure 10 shows time cross sections of the final ALOSE-2 ASSIST temperature and humidity profile deviations from the daily profile mean for the four different local zenith angles of measurement (0, 30, 45, and 60 degrees) with the indication of which of the four different azimuth angles (west, south, east, north) of the observation shown at the top of each figure. Unlike ALOSE-1, for the Arctic data of ALOSE-2 we do see some significant dependence on the local zenith angle of the observations, indicative of more horizontal heterogeneity in the temperature and water vapor structure. This is not surprising considering that the geography of the region surrounding Poker Flat, Alaska, is quite variable, consisting of mountains and valleys. Figure 11 shows the temperature and humidity cross sections for 24-25 April and 27-28 April 2013. It can be seen by comparing the GFS model panels with the final ASSIST panels that the model did capture the major features of the atmospheric structure in this case. However, there are some details, particularly in relative humidity such as the dry air in the PBL between 25-35 hrs. on the 27-28 April panel, which is actually the period 0100-1100 UTC of 28 April. It can be seen that the moisture increased significantly during the 5-day period of the measurements. Figures 12 and 13 shows time cross sections of the final ALOSE-3 ASSIST temperature and humidity profile deviations from the daily profile mean for the four different local zenith angles of measurement (0, 30, 45, and 60 degrees) with the indication of which of the four different azimuth angles (west, south, east, north) of the observation being viewed shown at the top of each figure. Similar to ALOSE-1, for the April SGP data of ALOSE-3, we do not see a significant dependence on the local zenith or azimuth angle of the observations, indicative that the atmosphere was horizontally homogenous within the 4 km range of the ASSIST measurements (i.e., there is little line-of-site dependence on the atmospheric state). Figure 14 shows a comparison of final ASSIST temperature profile retrievals and radiosonde profile measurements at the SGP ARM site during April for six different radiosonde release times during the 24-25 April 2013 time period. As can be seen the agreement is good except for the 1130 UTC sounding on 24 April. In this case, the radiosonde seems to be inconsistent with the other radiosonde measurements as well as the ASSIST final sounding both in the upper troposphere as well as in the lower troposphere. In any case, this example shows the ability of the final ASSIST product, which incorporates the radiosonde data, to deviate significantly from that data input when it is inconsistent with the other data being used to produce the final profiles. 
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Figure 15 shows temperature and humidity cross sections for 10-14 July 2013. Although there is little variation in atmospheric temperature during this period, it can be seen by comparing the GFS model panels with the final ASSIST panels that the model temperature lapse rate in the low troposphere is too small (i.e., temperature decreases too slowly with altitude) as compared to that shown by the final ASSIST panels. Also, the model humidity fails to show important vertical structure variations shown by the final ASSIST product. This is particularly noticeable for the 12-13 July panel (i.e., panel 6 of Figure  15) where the final ASSIST product shows four distinct layers of high moisture but the model only shows two layers of relatively high moisture concentration. Figure 16 shows time cross sections of the final ALOSE-4 ASSIST temperature and humidity profile deviations from the daily profile mean for the four different local zenith angles of measurement (0, 30, 45, and 60 degrees) with the indication of which of the four different azimuth angles (west, south, east, north) of the observation shown at the top of each figure. We can see that the July SGP temperature data of ALOSE-4 does not show much dependence on the local zenith or azimuth angle of the observations within the 4 km range of the ASSIST measurements (i.e., there is little line-of-site dependence on the atmospheric temperature). However, with the exception of 12-13 July, this is not the case for atmospheric humidity where there are significant variations with local zenith angle for certain time periods of the day for each of three of the four observation days. A high horizontal variability on atmospheric humidity is expected for the SGP during July because there is generally intense convection during most days of that month. Figure 17 shows comparisons of the final ASSIST retrievals with radiosondes released at six different times on 13 July 2013. It can be seen that the final ASSIST retrievals faithfully reproduce the radiosondeobserved vertical structure with the exception of the very near surface on 13 July at 113100 UTC. However, it is expected that the ASSIST temperature measurements for the lowest 1 km are more accurate than the radiosonde measurements in this near-surface layer due to the rapid rise of the balloon once it is released from the ground. Figure 18 shows the temperature and humidity cross sections for 27 September to 3 October 2013 obtained during ALOSE-5. Once again, there is little variation in atmospheric temperature during this period and the GFS model panels compare favorably with the final ASSIST panels. However, the model humidity deviates significantly from the final ASSIST product. This is particularly noticeable for the 1 October panel where the final ASSIST product shows a lot of moisture structure not shown by the model but validated by the radiosonde profile data (see the last four panels of Figure 18 ). Figure 19 shows time cross sections of the final ALOSE-5 ASSIST temperature and humidity profile deviations from the daily profile mean for the four different local zenith angles of measurement (0, 30, 45, and 60 degrees) with the indication of which of the four different azimuth angles (west, south, east, north) of the observation shown at the top of each figure. We can see that the TWP temperature data of ALOSE-5 does not show much dependence on the local zenith or azimuth angle of the observations within the 4 km range of the ASSIST measurements (i.e., there is little line-of-site dependence on the atmospheric temperature). However, the 30 September-1 October case shows significant dependence on local zenith angle for atmospheric humidity, particularly in the 13-21 UTC time period. 
ALOSE-5
Public Outreach
Public outreach was conducted at the University of Alaska-Fairbanks with a lecture to students entitled "IR FTS Remote Sensing of Atmospheric Profiles." Also, a presentation to personnel of the NOAA Alaskan Region Weather Service Forecast Office entitled "JPSS PG Alaska -AIRS, IASI, and CrIS Retrievals."
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